Shanxi aged vinegar (SAV) is the most famous one among the four typical famous vinegars in China, which is produced by spontaneous solid-state fermentation using sorghum, bran, and millet chaff and Daqu. In this study, free phenolic acids (FPAs) species and changes during SAV aging, and the synergistic antioxidant activities between FPAs was investigated. The results revealed that eight FPAs, including protocatechuic acid, p-hydroxybenzoic acid, salicylic acid, dihydro sinapic acid, p-coumaric acid, sinapic acid, dihydro ferulic acid, and ferulic acid, stably existed during SAV 0-5 year aging periods, whereas during the aging time evaporation of water and FPAs combining with melanoidins made prediction of precise FPAs contents difficult. With regard to FPAs synergistic antioxidant activities, it was observed that the FPAs antioxidative interrelations were antagonism in antiradical activity experiments. And, only a few groups of FPAs mixtures showed antagonism in reduction experiments.
INTRODUCTION
Vinegar is used as acid condiment in almost all countries of the world. [1] In China, it has been produced and consumed for more than 3000 years and every region has its own local vinegar. [2] Shanxi aged vinegar (SAV) is having the top position among four traditional famous vinegars of China including Zhenjiang aromatic vinegar, Sichuan bran vinegar, and Fujian Monascus vinegar and itself. [3, 4] SAV is made from sorghum, bran, millet chaff, and Daqu (starter culture, made from barley and pea by spontaneous fermentation), leading it to contain abundant organic acids, amino acids, and free phenolic acids (FPAs). [5] [6] [7] During SAV brewing (Fig. 1) , a long-term aging is always needed by the traditional technology named as "insolating in summer and taking out ice in winter," to raise density, balance fragrance, and increase color and luster. [4] In the past two decades, phenolic acids widely present in plant products have been intensely investigated due to their antioxidant activities, [8] [9] [10] food preservation, [11] and chronic disease prevention such as atherosclerosis, cancer, and degenerative diseases. [12] [13] [14] [15] Normally phenolic acids exist in plant tissues combined with macromolecular compound like polysaccharose and protein, [16] but they can be released by microbial catalysts during fermentation processes in the fermented products such as wine, vinegar, and others. [17, 18] So the fermented products usually contain a certain amount of FPAs which can be directly extracted by organic solvents [19, 20] and detected by liquid chromatography-photo-diode array (LC-PDA), [21] LC-MS (mass spectrum), [22] and gas chromatography (GC)-MS. [23] According to previous studies the vinegars including sherry wine vinegars, traditional balsamic vinegar, and Kurosu (traditional Japanese vinegar) contained a mass of FPAs with varying species and contents of these FPAs were influenced by the type of vessels during aging. [21, [23] [24] [25] However, the species and contents of FPAs in SAV haven't been reported. In the present work, FPAs species in SAV were identified and changes among them were determined during SAV aging process. Furthermore, the analyses regarding synergistic antioxidant activities were carried out.
MATERIALS AND METHODS

Materials and Chemicals
SAV (different aging time 0, 1, 2, 3, and 5 years) sampled from SAV Group Co. Ltd. (Shanxi, China). FPAs standards (protocatechuic acid, p-hydroxybenzoic acid, salicylic acid, p-coumaric acid, ferulic acid, sinapic acid, caffeic acid, vanillic acid, syringic acid, and gallic acid) were purchased from Aladdin Chemical Co. Ltd. (Shanghai, China). Dihydro ferulic acid was purchased from Tokyo Chemical Industry Co. Ltd. (Shanghai, China). 2, 2'-Azinobis-(3-ethylbenzthiazoline-6-sulphonate; ABTS) was purchased from Sigma-Aldrich Co. Ltd. (San Francisco, USA). All the chemicals were of analytical or chromatographic quality.
Extraction of Total Free Phenolic Acids (TFPAs) from Vinegar
The FPAs in SAV were extracted according to the previous methods with some modifications. [22] First, 10 g vinegar was freeze-dried into powder and ultrasonically extracted by 50 mL 100% alcohol at 40°C five times (Removing melanoidins which is hardly soluble in alcohol). Then the extracts were combined and evaporated at 35°C to dry using a rotary evaporator (Rotary evaporator RE-52AA, Zhengzhou Great Wall Scientific Industry and Trade Co. Ltd.). Subsequently, the residue was dissolved in 5 mL distilled water and re-extracted by 15 mL ethyl acetate three times. After the ethyl acetate was completely volatilized at 35°C by rotary evaporator, the residue was dissolved in 2 mL d-H 2 O containing 20% alcohol for subsequent analysis.
TFPAs Determination in SAV during Aging Time
The TFPAs in SAV at different aging time (0, 1, 2, 3, and 5 years) were prepared by the method in 2.2. The contents of TFPAs were detected using the Folin-Ciocalteu method. [26] Briefly, 1 mL of appropriately diluted TFPAs in distilled water (1 mL water as control) was mixed well with 0.8 mL of Folin-Ciocalten reagent and 10 mL of 10% Na 2 CO 3 , and kept at 25°C for 2 h. Then optical density (OD) values were measured by a spectrophotometer (UV-1750 UV-Vis spectrophotometer, Shimadzu Instruments Co. Ltd.) at 765 nm. Gallic acid was used as the standard and the content of TFPAs in SAV at various aging time were expressed as gallic acid equivalents in ppm.
Determination of FPAs in SAV during Aging Process
Method to identify FPAs in SAV
TFPAs from 5-year-old SAV were prepared by the method in 2.2. The accurate molecular weights of FPAs in SAV were detected by the high resolution mass spectrometry (Thermo Scientific Q Exactive, Thermo Fisher Scientific Co. Ltd.). HYPERSIL GOLD C18 column (150 × 2.1 mm, 1.9 μm) was selected to separate FPAs in a mobile phase [0.1% formic acid in pure water (mobile phase A) and pure acetonitrile (mobile phase B)] in following gradient elution: 0-3 min, 95-95% A; 3-12 min, 95-60% A; 12-13 min, 60-10% A; 13-15 min, 10-10% A; 15-16 min, 10-90% A; 16-20 min, 95-95% A. The injection volume was 5 μL, the flow rate was 0.2 mL/min. The ionization method was electrospray ionization (ESI) at negative ion mode and the scan range of mass spectra was from 100 to 1000 m/z. The FPAs species in SAV were confirmed by ultra performance liquid chromatography-mass spectrum (UPLC-MS; Waters Xevo TQ mass spectrometer, Waters Co. Ltd.) using FPAs standards. The FPAs separation was implemented with ACQUITY UPLC HSST column (100 × 2.1 mm, 1.8 μm). The mobile phase, injection volume, flow rate, and gradient elution were the same as described above. The ionization method was ESI at negative ion mode and the scan range of mass spectra was from 50 to 300 m/z. After TFPAs in SAV of different aging years (0, 1, 2, 3, and 5 years) was extracted, the FPAs species were identified and quantified following the method as described in 2.4.1.
Synergistic Antioxidant Activities between FPAs
Determination of the synergistic antiradical activity
The antiradical activity of FPAs were determined by previous methods with some modifications. [27] Briefly, 0.1 mL of single FPAs standard (50 mg/L) or 0.1 mL of two kinds of mixed FPAs standards (each was 25 mg/L) was mixed well with 2.9 mL of ABTS, 7 mmol/L) and kept at 25°C for 5 min. The OD values were measured by a spectrophotometer (UV-1750 UV-Vis CHANGES OF PHENOLIC ACIDS DURING AGING OF SHANXI AGED VINEGAR spectrophotometer, Shimadzu Instruments Co. Ltd.) at 735 nm. Gallic acid was used as standard and the antiradical activity was expressed as gallic acid equivalents in ppm.
Determination of the synergistic reducing power
The reducing power of FPAs were determined by Folin-Ciocalteu method. [26] Briefly, 0.1 mL of single FPAs standard (50 mg/L) or 0.1 mL of two kinds of mixed FPAs standards (each was 25 mg/L) was mixed with 0.8 mL of Folin-Ciocalten reagent and 10 mL of 10% Na 2 CO 3 at 25°C for 2 h. The OD values were measured by a spectrophotometer (UV-1750 UV-Vis spectrophotometer, Shimadzu Instruments Co. Ltd.) at 765 nm. Gallic acid was used as standard and the reducing power was expressed as gallic acid equivalents in ppm.
Statistical analyses and graph drawing
The data of samples was analyzed by SPSS 18.0 (Expressed as mean ± SD). One-sided t-test was analyzed by an Independent-Sample Test with SPSS 18.0. The graph was drawn by OriginPro 8.0.
RESULTS
Changes of TFPAs Content in SAV during Aging Process
The contents of TFPAs in various aging-old SAV were analyzed by the Folin-Ciocalteu method. The results showed that the TFPAs contents in SAV increased year-by-year except 2-year-old vinegar and its contents in 5-year-old SAV reached up to 980 ± 11 μg gallic acid/g.
Determination of FPAs in SAV during Aging
The kinds of FPAs in 5-year SAV In preliminary work, we found that it was difficult to separate FPAs in SAV by HPLC-diode array detection (DAD) probably due to abundance of fermentation products and Maillard reaction products in it (data unpublished). So the accurate molecular weights of FPAs in SAV were first detected using high-resolution mass spectrometry. The FPAs species in SAV were confirmed by UPLC-MS using FPAs standards. First, 14 Fig. 2 and Table 1 ) including protocatechuic acid, p-hydroxybenzoic acid, salicylic acid, dihydro sinapic, p-coumaric acid, sinapic acid, dihydro ferulic acid, and ferulic acid. The error between detected molecular weight and theoretical molecular weight were all less than 5 ppm. And all the FPAs were confirmed by standard except dihydro ferulic acid which was done without standard. Therefore, dihydro ferulic acid was just confirmed by the accurate molecular weight, retention time (before sinapic acid) and mass fragments (181 =
Identification and quantification of FPAs in SAV during aging
The kinds and contents of FPAs in SAV (0-5 year) were detected by UPLC-MS using external standard method. The standard included the phenolic acids identified in 5-year SAV 1186 CHEN ET AL.
(except dihydro sinapic acid) and the common phenolic acids in plant like caffeic acid, vanillic acid, syringic acid, and gallic acid. Result showed (Fig. 3 ) that the kinds of FPAs were unchanged during the aging of SAV. Though, the content of TFPAs was increased with aging time mainly due to evaporation of water, the contents of some FPAs like p-hydroxybenzoic acid, salicylic acid, p-coumaric acid, ferulic acid, and sinapic acid were not increased with aging time. This is may be due to combination of these phenol acids with melanoidins during aging. [28] The order of the contents of FPAs was: protocatechuic acid > dihydro ferulic acid > dihydro sinapic acid ≈ p-hydroxybenzoic acid > salicylic acid ≈ p-coumaric acid > ferulic acid > sinapic acid.
Synergy of Antioxidant Activity between FPAs
The antioxidant activity of FPAs (except dihydro sinapic acid) was reflected by antiradical activity ( Table 2 ) and reducing power ( Table 3 ). The antiradical activity result showed that, in most cases, the total antiradical activity of the mixture of two FPAs was lower than the half of the total antiradical activity of two FPAs, except salicylic acid which had hardly scavenging effects on ABTS radicals. However, the reducing power result revealed that only four groups (p-hydroxybenzoic acid + protocatechuic acid, p-hydroxybenzoic acid + dihydro ferulic acid, salicylic acid + protocatechuic acid, salicylic acid + dihydro ferulic acid) showed antagonistic effect.
DISCUSSION
Research demonstrated that the raw material of SAV like sorghum, bran, barley, and pea have a certain amount of bound phenolic acids and a small quantity of FPAs. [29] [30] [31] [32] These bound phenolic acids could be released by microbial catalysis during fermentation processes. [17, 18] The FPAs in SAV mainly come from raw material. Some FPAs were changed to other FPAs during fermentation, such as sinapic acid and ferulic acid reduced to dihydro sinapic acid and dihydro ferulic acid, respectively. [33] Some FPAs might have been changed to other compounds, like gallic acid and caffeic acid, which were in the raw material of SAV but not detected in SAV. [29] [30] [31] [32] The reason of keeping the kinds of FPAs unchanged in SAV during aging might be the vessel of SAV, terrine, unlike the wood made vessels having high influence on FPAs. [21, 34] The evaporation of water and FPAs combining with melanoidins during aging result in the unpredictable change in FPAs contents in SAV. Study indicated that the FPAs antioxidant activities depends on the number and position of the hydroxyl groups bound to the aromatic ring and the type of substituent, which is positively correlated with the number of phenolic hydroxyl. [35] The hydroxyl groups in the metapositions of carboxyl groups can increase antioxidant activity more than that in the ortho-or parapositions due to the electron pushing effect of carboxyl group promoting H-donating ability of hydroxyl groups. Of course, ortho substitution of hydroxyl group with electron-donating groups like methoxy groups can also increase the antioxidant activity. [36] The -CH=CH-COOH groups in cinnamic acid can produce greater H-donating ability and subsequent antioxidant activity than the -COOH groups in benzoic acids through stabilizing the radical by resonance of -C=C-. [36, 37] The detected antioxidant activity of these FPAs was according with these rules. The antioxidant activity of dihydro ferulic acid which came from the reduction of ferulic acids was more than the antioxidant activity of ferulic acids possibly due to the electron pushing effect of -CH 2 -CH 2group promoting H-donating ability of phenolic hydroxyl group. The interrelation between most FPAs in scavenging ABTS radical was antagonistic unlike with the interrelation between different phenolic compounds; [38] phenolic compounds, and non-phenolic antioxidants, [39] and different phytochemical extracts. [40] It could be because of the similar structure of these FPAs in SAV cannot assist each other in antioxidant activity. According to the poor synergy of antioxidant activity between different phenolic compounds and the low content of FPAs relative to TFPAs, there should be many other antioxidation ingredients in SAV which need been researched later. Moreover the types and contents of prime FPAs in SAV during ageing had been determined but their transformation during fermentation and the mechanism of synergy between them needs further studies. 
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